In site-directed spin labeling (SDSL), local structural and dynamic information is obtained via electron paramagnetic resonance (EPR) spectroscopy of a stable nitroxide radical attached site-specifically to a macromolecule. Analysis of electron spin dipolar interactions between pairs of nitroxides yields the inter-nitroxide distance, which provides quantitative structural information. The development of pulse EPR methods has enabled such distance measurements up to 70 Å in bio-molecules, thus opening up the possibility of SDSL global structural mapping. This study evaluates SDSL distance measurement using a nitroxide (designated as R5) that can be attached, in an efficient and costeffective manner, to a phosphorothioate backbone position at arbitrary DNA or RNA sequences. R5 pairs were attached to selected positions of a dodecamer DNA duplex with a known NMR structure, and eight distances, ranging from 20 to 40 Å , were measured using double electron-electron resonance (DEER). The measured distances correlated strongly (R 2 = 0.98) with the predicted values calculated based on a search of sterically allowable R5 conformations in the NMR structure, thus demonstrating accurate distance measurements using R5. Furthermore, distance measurement in a 42 kD DNA was demonstrated. The results establish R5 as a sequence-independent probe for global structural mapping of DNA and DNA-protein complexes.
INTRODUCTION
Structural and dynamic information on nucleic acids is key to a fundamental understanding of their functions. Methods that provide the capability of determining atomic-resolution structures of DNA and RNA, such as X-ray crystallography and NMR spectroscopy, have yielded deep insight into the structure-function relationship in nucleic acids. However, X-ray crystallography studies are constrained by the need of growing crystals and NMR studies of DNA or RNA molecules longer than 40-nucleotide (nt) remain challenging. Therefore, techniques that can provide structural and dynamic information on high molecular weight systems under physiological conditions are of great interest in structure-function relationship studies of DNA and RNA.
Studies reported here explored nanometer distance measurement in nucleic acids using the technique of site-directed spin labeling (SDSL). SDSL derives information on the local environment of a macromolecule via electron paramagnetic resonance (EPR) spectroscopy of a site-specifically attached stable nitroxide radical (1) . In protein studies, SDSL has been established as a tool for investigating solution structure and dynamics, and has been particularly successful in those systems that are difficult to study with X-ray crystallography and NMR spectroscopy [see reviews (2) (3) (4) (5) (6) (7) ]. SDSL studies of nucleic acids, although having shown great potentials, lag behind the more mature protein SDSL applications. Previous SDSL studies of singly labeled nucleic acids have established that structural and dynamical information at the level of an individual nucleotide can be derived from EPR spectral analysis that reveals the dynamics of the nitroxide [see a recent review (8) ]. Recently, solution conformation changes in RNA molecules with complex 3D structures have been studied via monitoring nitroxide spectral changes (9) (10) (11) (12) , and methods are being developed to systematically extract local structural and dynamic information from the observed nitroxide spectra (13) .
In SDSL, distances between two nitroxides can be determined by measuring the electron spin dipolar coupling (2, 4, 7, (14) (15) (16) (17) . Recent developments in pulse EPR techniques have enabled inter-nitroxide distance determinations up to 75 s in synthetic polymers and polypeptides (18) (19) (20) (21) (22) , proteins (23) (24) (25) (26) (27) (28) (29) and nucleic acids (30) (31) (32) (33) . The ability of SDSL in measuring nanometer distances renders it an attractive tool for global structural mapping of bio-molecules. Compared to fluorescence resonance energy transfer (FRET), the pulse EPR methods have the advantages that: (i) two identical spin labels can be employed, thus facilitating labeling, while in FRET two different fluorophores must be selected based on the expected distances; (ii) spin labels are smaller than a majority of fluorophores, presumably leading to less perturbation and a more precisely defined interprobe distance and (iii) distances measured in pulse EPR methods are precise over a broader range (21) . Inter-nitroxide distances in nucleic acids have been measured using continuous-wave EPR methods for distances ranging from 5 to 20 s in RNA's (34) and in a RNA-peptide complex (35) , and very recently using pulse EPR techniques for distances between 20 and 72 s in DNA (31) and RNA duplexes (30, 32, 33) .
Work reported here evaluated distance measurements in DNA using nitroxides attached to phosphorothioates that are chemically substituted at specific backbone positions in arbitrary nucleic acid sequences ( Figure 1A ). This nitroxide, designated as R5, has two features that are unique as compared to nitroxide probes that are attached to either the base or the sugar of a certain chemically-modified nucleotide (mostly modified uridines) (8) . First, R5 can be efficiently attached to arbitrary nucleotides within DNA sequences, as well as in RNA sequences where the nucleotide to the 5 0 side of the intended labeling site can be substituted by a deoxyribonucleotide (36) . Second, R5 labeling is costeffective, as the cost of introducing a phosphorothioate is less than 1/20 of that of a modified nucleotide. These two features enable one to measure a large number of distances between arbitrary backbone positions of a DNA or RNA, thus facilitating global structure investigation.
The dynamics of R5 has been used to monitor RNA-RNA interaction in solution (36) . However, R5 has not been evaluated for use in distance measurements. A particular concern is the potentially large distributions in the inter-nitroxide distance between a pair of R5 labels due to the inherent flexibility of the label itself ( Figure 1A ). In addition, R5 might be attached to either one of the two phosphorothioate diastereomers (R p and S p , Figure 1A ), introduced at a $50/50 ratio upon substituting a sulfur to one of the non-bridging oxygens (37) . This might further broaden inter-spin distance distributions. The present study assessed R5 for distance measurements utilizing a dodecameric DNA duplex with a known NMR solution structure. Using a 4-pulse double electronelectron resonance (DEER) method (18) , distances ranging from 20 to 40 s were measured between R5 pairs attached at selected DNA sites. The measured values were compared to inter-nitroxide distances predicted from modeling that accounts for the presence of both the R p and the S p diastereomers. The results demonstrate that R5 can be used to accurately measure distances in DNA. Furthermore, R5 was utilized to measure a distance in a 42 kD DNA, thus demonstrating its applicability in studying large nucleic acids. These studies firmly establish the utility of R5 for measuring distances in nucleic acids, thus expanding the capacity of SDSL in studying nucleic acids.
MATERIALS AND METHODS

DNA oligonucleotides
The sequence of the model DNA, designated as 'CS', is shown in Figure 1B . All DNA oligonucleotides, including those with a site-specific phosphorothioate modification, were synthesized using solid-phase DNA synthesis (Integrated DNA Technology, Coralville, IA). The individual DNA strands were purified using anion-exchange high-performance liquid chromatography (HPLC) following a reported procedure (36) . HPLC fractions containing the DNA were desalted using a G-25 Sephadex column with water as the running medium. The purified DNA was lyophilized, then re-suspended in water and stored at À20 C. DNA concentrations were determined according to absorbance at 260 nm, using extinction coefficients of 108 200 M À1 cm À1 and 125 800 M À1 cm À1 for the respective DNA strands and their derivatives.
Spin labeling
A thiol-reactive nitroxide derivative, 3-iodomethyl-1-oxy-2,2,5,5-tetramethylpyrroline, was reacted with individual DNA strands that contain one phosphorothioate modification at a specific site. This reagent was prepared freshly from a precursor, 1-oxyl-2,2,5,5-tetramethyl-3-methane-sulfonyloxymethylpyrroline, following a published procedure (36, 38, 39) (Supplementary Data). In the DNA labeling reactions, up to 0.1 mM of phosphorothioate modified DNA was mixed with 60-100 mM of 3-iodomethyl-1-oxy-2,2,5,5-tetramethylpyrroline in a mixture containing 100 mM of MES [2-(N-Morpholino)-ethanesulfonic Acid (pH 5.8)] and 50% (v/v) formamide. After incubation in dark for 24 h at room temperature, excess nitroxide was removed using anion-exchange HPLC. The labeled DNA was desalted, lyophilized and stored as described above.
Characterizations of R5-labeled DNA
Thermal denaturation of DNA duplexes was carried out in a buffer containing 100 mM NaCl and 10 mM sodium phosphate (pH 6.8) following a previously reported procedure (13, 40) . The standard state free energy of duplex to singlestrand transition (DG 0 37 C ) was obtained as described (13) . Circular dichroism (CD) spectra were measured at room temperature between 310 and 200 nm on a JASCO spectropolarimeter. The duplexes were dissolved in the same buffer as those used for thermal denaturation measurements.
Four-pulse DEER EPR spectroscopy
To form a CS duplex for DEER measurement, appropriate singly labeled DNA strands were mixed in a 1:1 ratio, heated to 95 C for 3 min, then cooled at room temperature for 20 min. The heat-cool cycle was repeated, followed by the addition of appropriate amount of a buffer containing NaCl and Tris [2-Amino-2-(hydroxymethyl)-1,3-propanediol (pH 7.5)]. The mixture was incubated at room temperature for >5 h and then lyophilized. The CS duplex was then re-suspended in 10 ml, with the final solution containing 100 mM NaCl, 50 mM Tris (pH 7.5), 20% (v/v) glycerol and 100-200 mM double-labeled DNA duplexes.
Four-pulse DEER measurements (18) were performed in a Bruker ELEXSYS 580 spectrometer fitted with a 2 mm splitring resonator. Samples in 20% glycerol loaded into quartz capillaries were flash frozen and equilibrated at 50 K before measurements. The p/2 and p pulse widths were 8 and 16 ns, respectively. The observed frequency was set to the maximum of the low field region of the absorption spectrum and the pumping frequency was set to the maximum of the centerline. Each DEER data set was acquired with a repetition rate of either 500 or 1000 Hz, with the total acquisition time ranging from 5 to 14 h.
Echo decay data were analyzed using the DeerAnalysis2004 package (freely available at http://www.mpipmainz.mpg.de/~jeschke/distance.html) (41) . Data in the Bruker ELEXSYS format were directly loaded into the program and corrected for phase and zero time. Background echo decay was corrected using a homogeneous 3D spin distribution that gives an exponential decay signal. The distance distribution P(r) was calculated based on the root mean square deviation (RMSD) between the experimental and the simulated data. P(r) was first estimated using Hermite interpolation with different number of sampling points. The lowest number of Hermite interpolation sampling points from which there was no significant deviation of fitted from experimental data were selected. Final P(r) was then obtained by Tikhonov regularization in distance domain with the constraint P(r) > 0 (41,42). The regularization parameter was adjusted to obtain the realistic resolution previously determined using Hermite interpolation. The mean distance and the standard deviation were calculated as:
where r 1 and r 2 are the lower and upper boundary, respectively, of the selective population. The errors in the reported hr DEER i values were estimated to be 5% based on multiple measurements of the same sample.
Computational modeling
The input structure in the modeling program is the NMRderived structures of the CS DNA duplex [ (43) Using NASDAC (ver.1.1), R5 was constructed at desired phosphorothioate sites on the DNA duplex. The geometry of R5 is as follows ( Figure 1A 0 is set at the value in the original DNA duplex (with S substituted for O), torsion angles t1, t2 and t3 ( Figure 1A ) are variable, and the ring is planar. These geometry values give a ring-closing C 3 -C 4 bond of 1.31 s, in good agreement with experimental determination of this bond as 1.322 s (50).
With the DNA coordinates fixed, the allowable conformational space for R5 attached to R p and S p phosphorothioate diastereomers was identified by variation of torsion angles t1, t2 and t3 in increments of 120 (torsions of 180 , 60
and À60 ). Conformers in which any atom of the nitroxide and any atom of the DNA came within a contact distance were eliminated. The contact distance was defined as 75% of the sum of the van der Waals radii of any two interacting atoms. For a given DNA duplex with R5 modeled at two locations, distances were calculated between the nitroxide nitrogens. The corresponding mean and standard deviation of the distances were subsequently calculated based on the ensemble of distances. Calculations were carried out with inclusion of both R p and S p diastereomers at each site. For the NMR-derived structures, the ensemble of distances included all entries calculated for individual structures.
RESULTS AND DISCUSSION
A model DNA duplex for evaluating SDSL distance measurements For evaluating SDSL distance measurements, an optimal model DNA duplex should contain non-self-complementary sequences with Watson-Crick base pairings, and have an available solution atomic-resolution structure (i.e. NMR structure) that is preferably a regular B-form helix. These criteria are satisfied by only a limited number of entries in the Protein Data Bank, and from these entries the model system is chosen to be a dodecamer DNA duplex designated as CS (following its PDB ID 1CS2, Figure 1B) , the NMR structure of which revealed a slightly distorted B-form helix in solution (43) .
Each CS DNA strand was labeled with one R5 at a desired site, and double-labeled duplexes were assembled from two singly labeled complementary strands. HPLC and denaturing gels showed that R5 labeling was efficient, and MALDI-TOF mass spectrometry analyses confirmed that each DNA strand has one, and only one, R5 attached (Supplementary Data). DNA duplex formation was confirmed on native gels (Supplementary Data). All studies reported here utilized phosphorothioate substituted DNA without separating the R p and the S p diastereomers.
Several lines of evidence indicated that R5 does not appreciably perturb the native CS DNA structure. First, CD spectroscopy yielded identical spectra between unlabeled and double-labeled CS duplexes ( Figure 1C , Supplementary Data). All CD spectra showed a positive band centered at $275 nm and a negative band around $240 nm, which are characteristics of a B-form DNA (51) . In addition, thermal melting measurements revealed that the differences in DG 0 37 C between unlabeled and double-labeled duplexes were <1.0 kcal/mol at all sites examined (Supplementary Data), again indicating a lack of significant perturbation due to R5. Finally, modeling studies showed that there is ample space to accommodate R5 without disrupting DNA base pairing and stacking (see Figure 3 for an example).
Distance measurements using DEER
The theory and implementation of the 4-pulse DEER experiment has been described in detail (18) . The experiment measures the dipolar coupling between nitroxides as a modulation of the electron spin echo decay; the frequency of modulation is directly proportional to r À3 , where r is the inter-spin distance. For reliable distance determination, the echo decay must be observed for a time equal to at least one period of the modulation corresponding to the longest distance anticipated. In the present experiments, the echo decay was collected up to 2 ms, corresponding to a maximum measurable distance of 45 s, which is sufficient to cover the distance range within the model dodecameric DNA.
Eight sets of double-labeled CS duplexes with predicted inter-nitroxide distances in the range of 20-40 s were measured using DEER, and representative data are shown in Figure 2 . Figure 2A shows the original data of the measured echo decay (black traces) and the corresponding exponentially decaying background due to spins with randomly distributed inter-spin distances (red traces). The differences between the background and the echo decay in each case clearly reveal oscillations with different periods (Figure 2B ), which arise from dipolar interactions between spins at discrete distances. The distance distribution, P(r), was calculated from the background corrected echo decay data using Tikhonov regularization (see Materials and Methods) (41, 42) . For each double-labeled CS duplex, the computed P(r) reveals one major band of probable distances (indicated by shaded boxes, Figure 2C) . A small number of minor bands, most of them at longer distances, are also observed ( Figure 2C ). The minor bands are artifacts in data fitting (52) , and are excluded from further analysis.
The mean distance (hr DEER i) and the standard deviation (s) were calculated for the major band of P(r) (see Materials and Methods). The resulting values of hr DEER i range from 21.2 to 38.8 s (Table 1, Figure 2 , Supplementary Data), and that of s range from 1.7 to 5.0 s (Table 2, Figure 2 , Supplementary Data). The longest distance measured, hr DEER (2;14)i ¼ 38.8 s, is between a pair of R5 at sites 2 and 14, which are located at the 5 0 termini of the individual CS strands. The (2;14) distance distribution is also the broadest of all measured P(r) [s(2;14) ¼ 5.0 s, Table 2 ]. This might reflect the higher flexibility at the terminus of the DNA duplex that broadens the inter-nitroxide distance distribution. It is also noted that most sets of P(r) contain multiple peaks or shoulders in the major band, which might indicate the presence of multiple subsets of preferred R5 conformations.
Correlations between measured and expected distances
The measured hr DEER i values were compared to mean distances computed using an in-house modeling program. The program models R5 at a pair of selected nucleic acid sites Original echo decay data. The black traces are the measured echo amplitude that has been normalized to the amplitude at t ¼ 0. The red traces are the background echo decay computed using a homogeneous 3D spin distribution. (B) Dipolar evolution functions. The black traces represent the differences between the measured echo decay and the background decay shown in (A). Electron Spin Echo Envelope Modulation (ESEEM) signals that manifest as high-frequency small amplitude oscillations for t <0.5 ms (54) are observed in the (5;17) and (2;15) data sets. The ESEEM signals do not affect data fitting. The red traces are the simulated echo decay computed according to the corresponding distance distributions shown in (C). (C) Distance distibutions P(r) computed using Tikhonov regularization with a regularization parameter of 10 in the range from 1 to 8 nm. Changing the regulariztion parameter from 1 to 20 did not significantly alter P(r). Shaded boxes indicate the the major bands in P(r), and red lines mark the average distances calculated for each major band. The dotted line in the (5;17) dataset marks the lower limit of distances that are detectable by DEER with the reported experimental setup. using experimentally determined bond lengths and bond angles (see Materials and Methods). With the nucleic acid coordinates fixed, allowable R5 conformations at each site are identified using a search based on exclusion of steric collisions, and an ensemble of inter-nitroxide distances is then calculated between all allowable conformations at a given site to that of the other site. An example of the CS DNA with R5 modeled at sites 2 and 14 is shown in Figure 3 . This modeling program is efficient-each distance distribution can be computed in less than 10 s on a desktop PC. This study utilized hr model i, which is the predicted mean distance for the ensemble of R5 nitroxides modeled on both the R p and the S p phosphorothioate diastereomers, although results for R5 nitroxides attached to individual diastereomers (i.e. only R p diastereomers) can be computed. Figure 4 shows the correlation between hr DEER i and hr NMR model i, which is the mean distance predicted based on the NMR structures of the CS DNA. The RMSD between hr DEER i and hr NMR model i was calculated to be 0.8 s, and the correlation coefficient (R 2 ) was 0.98 (Table 1 , column 3). The data fit to hr DEER i ¼ 1.0 · hr NMR model i À 0.6 s, with a slope of unity and an offset that is small compared to the distances measured. This demonstrates that R5 can be used to accurately measure distances in DNA. Furthermore, the results indicate that distance distributions due to the presence of the R p and the S p diastereomers are adequately accounted for in the modeling, and it is not necessary to separate the two diastereomers in order to make meaningful distance measurements. Therefore, R5 can be used to measure distances in any DNA, even though in a majority of systems it is not practical to separate the R p and the S p phosphorothioate diastereomers.
The excellent correlation between hr DEER i and hr NMR model i is gratifying given that the modeling program reported here uses a simple steric exclusion criterion for selecting allowable nitroxide conformations. This selection criterion is justified by continuous-wave EPR data. At all sites studied, continuous-wave EPR spectra of R5 showed characteristics of unrestricted, isotropic motion (Supplementary Data), suggesting the nitroxides have little interaction with the DNA. While the measured mean distances correlate very well with the predicted values, less satisfactory correlation is observed between the measured and the expected standard deviations, which report the widths of the distance distributions (Table 2) . Among the eight sets of standard deviations, s(3;15), s(4;15) and s(7;19) show matched measured and predicted values. The measured s(5;17), s(6;18) and s(6;19) are significantly smaller than the predicted values. These larger predicted s could be the result of an overestimation of allowable R5 conformations, as the reported modeling program gives the maximal allowable R5 conformation space. On the other hand, the measured s(2;14) and s(2;15) both exceed the corresponding predicted values by $1.0 s. The labeling sites in these two datasets are located at the 5 0 termini, and the larger measured s could reflect higher flexibility at the termini of the DNA duplex.
Previous reports on calibrating SDSL distance measurements in nucleic acids correlated the measured distances to expected distances obtained from computer-generated structural models constructed using generic B-form (31) or Aform (34) parameters. In the present study, nitroxides were also modeled onto a computer-generated generic B-DNA with the CS DNA sequence (see Materials and Methods). This B-DNA is very similar to the average NMR structure, with an all atom root mean square distance of 2. (Table 1) . Future studies will explore the feasibility of utilizing the hr DEER i/hr model i correlations to discriminate DNA conformations. This may provide a diagnostic tool in structural analysis of DNA.
DEER measurement of a cross-strand distance in a 68 bp DNA Previously reported SDSL distance measurements have been carried out on DNA or RNA duplexes ranging from 10 to 24 base-pair (bp) (6-15 kD) (30) (31) (32) (33) (34) . With state-of-art nucleic acid chemical synthesis techniques, a phosphorothioate can be substituted at a specific site of a DNA that is over 100 nt long. This renders it feasible to carry out SDSL distance measurements in a large DNA. To illustrated this capability, studies were carried out in a 68 bp DNA duplex (41.9 kD, Figure 5A ) that contains the origin of replication of the simian virus 40 (SV40), which serves as a system for studying eukaryotic DNA replications (53). Following similar protocols described above for CS DNA studies, the distance between a pair of R5 attached at sites directly across the origin DNA helix was measured ( Figure 5 ). The average interspin distance was determined to be 25.2 s, in very good agreement with the predicted value of 25.0 s in a B-DNA Table 1 ). The data clearly demonstrate that R5 can be used to measure distances in a large DNA.
CONCLUSIONS AND PERSPECTIVE
The primary advantage of the R5 label is that it can be introduced, in an efficient and cost-effective manner, at any sequence position in a nucleic acid. A potential problem in using R5 in structure determination through nitroxidenitroxide distance measurement is that a distribution of distances is generated due to the inherent flexibility of the label as well as the existence of two diastereomers in the phosphorothioate linkage, which complicate interpretation of nitroxide-nitroxide distances in terms of nucleic acid structure. However, the results of this study suggest that the distribution can be modeled sufficiently well to enable measured distances to be correlated to the structure of the parent molecule. Although the studies presented utilized duplex DNAs, the methods described are applicable to both duplex and non-duplex DNAs. The results thus lay a foundation for the application of SDSL for the unrestricted global structure mapping in nucleic acids and protein-nucleic acid complexes.
